Gliomas are the most common primary brain tumors in adults. In clinical studies, surgery followed by radiotherapy and chemotherapy with temozolomide prolonged the survival of patients with tumors showing methylation of the O-6-methylguanine DNA methyltransferase (*MGMT*) promoter[@b1]--[@b3]. Nevertheless, the median survival time of patients with glioblastoma (GBM), an aggressive glioma, is still less than two years[@b1]--[@b3]. Histologically, GBMs are highly angiogenic and characterized by microvascular proliferation[@b4]. However, the role of microvessel density (MVD) as a histopathologic factor that influences prognosis was controversial in a retrospective series of malignant gliomas[@b5]. Likewise, the clinical benefit of anti-angiogenic therapy for glioma patients remains unsatisfactory[@b6],[@b7]. To optimize anti-angiogenic therapy and improve patient outcomes, a better understanding of glioma vascularization is needed. A key question that must be addressed is whether tumors can acquire blood supply through other mechanisms and thereby escape conventional anti-angiogenesis therapy, which targets the endothelium.

Vascularization is crucial for the growth and metastasis of tumors[@b8],[@b9]. For years, endothelium-dependent vessels were considered the exclusive means of supplying blood to tumors. In 1999, Maniotis *et al*.[@b10] first reported a new vascular type: vasculogenic mimicry (VM). VM describes the ability of aggressive tumor cells to form extracellular matrix (ECM)--rich, vasculogenic-like networks to complement the endothelial-cell-dependent vasculature[@b11]--[@b16]. We previously reported the presence of these non-endothelium-dependent vessels in gliomas[@b17]. In a subsequent study, EI Hallani *et al*.[@b18] found evidence of a physiological connection between the endothelial-lined vasculature and VM channels. In further studies, we observed that patients with VM-positive gliomas survived a shorter period of time than those with VM-negative gliomas[@b19], similar to the results reported for other aggressive tumors[@b20]--[@b23]. VM is conspicuously different from angiogenesis and vasculogenesis. One study has indicated that VM may represent an important survival mechanism contributing to the failure of current anti-angiogenic therapy, which aims to completely deprive tumors of their blood supply[@b24]. Although the biologic features of tumor cells that exhibit VM remain unknown, understanding the molecular mechanisms that regulate VM is an important first step towards developing new vasculogenic therapies for glioma.

Current Understanding of the Vascularization Process in Tumors {#s2}
==============================================================

Angiogenesis and vasculogenesis are widely accepted processes of tumor vascularization, particularly for endothelium-dependent vessels. In both processes, tumor vascular endothelial cells develop from host cells located in normal tissues around the tumor or from endothelial progenitor cells. During the transition from endothelium-dependent vessels to mimicked vessels, mosaic vessels occur as a transitional type between endothelium-dependent vessels and VM channels, wherein both the host endothelium and tumor cells participate in tumor vascularization[@b25]. VM is completely different from angiogenesis and vasculogenesis, in another word, the blood supply to tumors is proposed to involve three types: tumor-cell-lined vessels, mosaic vessels, and endothelium-dependent vessels[@b26]. A study suggest that VM channels---the tumor-cell-lined vessels---could be the main source of blood supply in the early stage of tumor growth[@b11]. Endothelium-dependent vessels could then replace VM channels via a transitional step as mosaic vessels to become the dominant blood supply pattern at the late stage of tumor growth[@b25].

Cancer stem cells (CSCs), or tumor-initiating cells, were identified as a unique subpopulation with stem cell features in many types of cancer. Current CSC studies provide novel insight into tumor angiogenesis and its interplay with the tumor microenvironment. CSCs have been shown to promote tumor angiogenesis by secreting vascular endothelial growth factor (VEGF) and via their potential for transdifferentiation into endothelial cells. Rebetz *et al*.[@b27] showed that CD133^+^ cells could originate from either tumor blood vessels or gliomas. In another study, He *et al*.[@b28] found that blood vessels near CD133^+^ or nestin^+^ niches as well as some CD31^+^ vessels co-expressed CD133 or nestin. Dong *et al*.[@b29] reported that glioma stem cells (GSCs) were involved in tumor tissue remodeling in a xenograft model. Similarly, Ricci-Vitiani *et al*.[@b30] and Wang *et al*.[@b31] found that a subpopulation of cells within glioma can give rise to endothelial cells. In summary, the angiogenesis capacity of GSCs has been demonstrated; however, the detailed relationship of GSCs and the phenomenon VM in glioma is still unclear.

Biological Characteristics and Clinical Significance of VM in Gliomas {#s3}
=====================================================================

VM channels are negative for CD34 (and other endothelial blood vessel markers, such as CD31) and positive for periodic acid-schiff (PAS). VM can be identified histologically based on three elements: the plasticity of malignant tumor cells, the remodeling of the ECM, and the connection of VM channels to the host microcirculation system[@b32],[@b33]. VM has been observed in many human tumors, including melanoma[@b10],[@b34], clear cell renal cell carcinoma[@b35], breast cancer[@b36], ovarian carcinoma[@b37], primary gallbladder carcinoma[@b38], malignant esophageal stromal carcinoma[@b39], mesothelial sarcoma and alveolar rhabdomyosarcoma[@b20], hepatocellular carcinoma[@b40]--[@b43], prostatic carcinoma[@b44], bladder carcinoma[@b45], osteosarcoma[@b46], and pheochromocytoma[@b47]. We[@b17] and others[@b18] reported the presence of VM in glioblastoma. We used CD34 staining to identify the endothelium in glioma tissue sections and PAS staining to determine the basement membrane of tumor blood vessels. Real tumor vessels stained positive for CD34 on their luminal surface and for PAS in their walls. However, in a subset of gliomas, we observed PAS-positive tubular structures that contained red blood cells but were lined by CD34-negative cells in the luminal surface, i.e., VM. VM was also found in human glioma cell line xenografts[@b38].

As described by Folberg *et al*.[@b32], seven morphologic patterns of VM channels were identified in uveal melanoma: straight channels, arrangements of parallel straight channels, straight channels that cross-link, arcs (incompletely closed loops), arcs with branching, closed loops, and networks (networks were defined arbitrarily as at least three back-to-back, closed, PAS-positive loops). In our study, we found that VM channels can be sorted into two distinct types: tumor cell-dependent (wherein CD34-negative tumor cells imitate the functions of the endothelium; [**Figure 1**](#cjc-33-02-074-g001){ref-type="fig"}) and ECM-dependent (which involves only PAS-positive ECM without tumor cells; [**Figure 1**](#cjc-33-02-074-g001){ref-type="fig"})[@b17]. Neither type of tubing is dependent on the endothelium, but both contribute to microcirculation in gliomas.

Maniotis\' discovery of VM originally spawned controversy. However, different approaches have since confirmed that VM channels provide a mechanism of perfusion and a dissemination route within the tumor that functions either independently of or simultaneously with angiogenesis. Studies have demonstrated the functional role of VM channels in tumor circulation using several methods, including microinjection[@b12],[@b13],[@b29], Doppler ultrasonography[@b14], magnetic resonance imaging (MRI)[@b15], laser scanning confocal angiography[@b16],[@b33], and injection of absorbite particles[@b18] ([**Figure 2**](#cjc-33-02-074-g002){ref-type="fig"}). In our study, we found that the distribution of VM channels in gliomas looked patchy and abundant by the CD34-PAS double staining[@b17]. Furthermore, VM channels were always located in regions where endothelium-dependent vessels were not found, and no necrosis or surrounding inflammatory cells were observed nearby. We investigated the potential association between VM and MVD in 48 glioblastomas and found that the MVD was comparably less in VM-positive tumors than in VM-negative tumors[@b19]. This evidence supports that VM channels may be a complementary system to ensure tumor blood supply, especially in regions with less MVD.

![Vasculogenic mimicry (VM) in human gliomas.\
These representative images show gliomas dual stained for CD34 and periodic acid-schiff (PAS) using immunohistochemistry. A, endothelial cells are detected with anti-CD34 (dark brown), and vascular basement membrane is detected with PAS (purple magenta) in normal tubular blood vessels. B, microvascular proliferation of glioblastoma. C--F, typical VM channels (denoted by black arrows). The channels are located in a viable area of the tumor, far from necrosis. C and E, seven morphologic patterns of PAS-positive channels. D and F, VM channels containing red blood cells positive for PAS but negative for CD34: large cross section (D) and longitudinal section (F). Magnification: A, B, D, E, and F, ×400; C, ×100. (Cited from Yue *et al*.[@b17]. The authors have got the permission to reprint this image.)](cjc-33-02-074-g001){#cjc-33-02-074-g001}

For cancer patients, VM is associated with poor prognosis, as the unique structure of VM channels facilitates tumor cell metastasis. Tumor cells, which line the inner surface of VM channels, are directly exposed to blood flow, allowing them to leak out, migrate through the blood stream, and metastasize to other regions. Furthermore, tumor cells that line the VM channel are highly malignant, are poorly differentiated, and have high plasticity. These cells can degrade adjacent connective tissue and penetrate the basement membrane of blood vessels by secreting proteins that mediate tumor invasion and metastasis. This phenomenon has been confirmed in liver cancer[@b40]--[@b43], breast cancer[@b36], gastrointestinal stromal tumors[@b36], and glioblastoma[@b18]. We performed a retrospective analysis on 101 glioma patients[@b19]. Tumor samples were co-stained for CD34 and PAS. Then, the dual stained samples were stained for Ki-67, cyclooxygenase-2 (COX-2), and matrix metalloproteinase-9 (MMP-9). VM was detected in 13 of 101 samples and was more frequent in high-grade gliomas than in low-grade gliomas. VM channels were also associated with expression of COX-2 and MMP-9. Patients with VM-positive tumors survived a shorter period of time than did patients with VM-negative tumors.

Targeting Vasculogenic Mimicry for Glioma Therapy {#s3a}
-------------------------------------------------

In 1971, Folkman[@b9] reported that tumors require a blood supply for survival, growth, and metastasis, and argued, for the first time, that anti-angiogenic therapy would have significant efficacy on tumors. Anti-angiogenic therapy aims at inhibiting endothelial cell proliferation and/or migration to hypoxic tumor regions, thereby diminishing the supply of oxygen and nutrition to tumor cells and inducing cell death. However, this approach has shown a promising but incomplete efficacy. Traditional anti-angiogenesis drugs such as angiostatin and endostatin, which target normal endothelial cells, have little effect on VM channels, which lack normal endothelial cells[@b48]. How, then, can the supply of oxygen and nutrition to tumor cells be blocked effectively and completely? One solution is to focus on both endothelium-dependent vessels and non-endothelium-dependent vessels.

Recently, several genes such as matrix metalloproteinase-2 (*MMP-2*), membrane type-1 matrix metalloproteinase (*MT1-MMP*), vascular endothelial growth factor (*VEGF*), *COX-2*, and vascular endothelial cadherin (*VE-cadherin*) have been implicated in VM channel formation in human tumors, making them potential targets for therapy with anti-sense oligonucleotides or monoclonal antibodies. Indeed, agents targeting these genes have specific anti-VM effects. Thalidomide influences VM channel formation in melanoma by inhibiting *MMP-2* and *VEGF* expression[@b49]. Genistein suppresses VM by inhibiting vascular endothelial (VE)--cadherin expression[@b50]. Celecoxib, a *COX-2* inhibitor, may block vascular channel formation, but addition of prostaglandin E2 (*PGE2*) abrogates these inhibitory effects[@b51]. Doxycycline inhibits *MMP-2* expression[@b52]. Chemically modified tetracycline-3 inhibits the expression of *VE-cadherin*, *MMP-2*, and *MT1-MMP*[@b53]. Other strategies to inhibit VM in preclinical studies include suppressing tyrosine kinase activity, knocking out the erythropoietin-producing hepatocellula A2 (*EphA2*) gene[@b54]--[@b56], down-regulating *VE-cadherin*, targeting human MMPs and the Laminin-5γ2 chain[@b57], and inhibiting the phosphatidylinositol 3-kinase (*PI3K*) pathway[@b58]. Furthermore, GSCs are suggested to be critical for VM formation, which will have significant implications for the design of novel anti-tumor therapies.

![Connection between the endothelial-lined vasculature and VM channels.\
A, this longitudinal section dual stained for CD34 and periodic acid-schiff (PAS) shows a blood vessel with distinctive CD34^+^ (dark brown) and CD34^−^ but PAS^+^ portions (purple magenta) (magnification: ×400). (Cited from El Hallani *et al*.[@b18]. The authors have got the permission to reprint this image.) B, absorbite particles, injected into the jugular vein, could be seen at human glioma stem cells, derived intracranial tumor vessels of various sizes. The inner lumens of these tumor vessels were irregular and discontinuous, and absorbite particles aggregated with red blood cells (HE staining, magnification: ×400). (Cited from Dong *et al*.[@b29]. The authors have got the permission to reprint this image.)](cjc-33-02-074-g002){#cjc-33-02-074-g002}

Advances and Challenges {#s4}
=======================

Abnormal, dysfunctional tumor vasculature and GSCs are believed to be major obstacles for effective glioma treatment. VM may represent an important tumor survival mechanism and may contribute to the failure of current anti-angiogenic therapy, which aims to completely deprive tumors of their blood supply[@b59]. Targeting VM along with endothelium-dependent vessels may thus block the supply of oxygen and nutrition to tumor cells effectively and completely. Furthermore, the unique structure of VM channels directly exposes tumor cells, which line the channels\' inner surface, to blood vessels, thereby facilitating metastasis. VM is frequently seen in the regions between the tumor and surrounding normal tissues and is associated with poor prognosis. Therefore, therapies targeting VM channels have the potential to destroy the niche that maintains GSCs, block the passage through which tumor cells metastasize, and reduce cancer recurrence[@b60].

Nevertheless, tumor vascularization is a complex process that involves concomitant activity of several distinct pathways that may vary according to the patient, tumor type, tumor grade, and therapeutic effect. Successful treatment of gliomas should involve targeting one or more stages in the VM signaling cascade. Three factors affect VM channel formation: the plasticity of VM channel--associated tumor cells, the remodeling of extracellular matrix, and the connection of VM channels with the host microcirculation[@b61]. Thus, anti-VM therapy should focus on inhibiting tumor cell plasticity as well as remodeling the ECM and tumor microenvironment by blocking the biochemical and molecular pathways underlying VM. However, further studies on the mechanisms of VM are needed to determine the potential for future translational studies and clinical applications for glioma treatment.
